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INTRODUCTION
Neuroligin proteins (Nlgns) were the first identified binding partners of α-latrotoxin receptors, neurexin proteins (Nrx), and localize at postsynaptic sites to regulate synapse maturation and function (1) . Four Nlgn genes (Nlgn1, Nlgn2, Nlgn3 and Nlgn4) encode trans-synaptic adhesion proteins (Nlgn1, Nlgn2, Nlgn3 and Nlgn4) that contain extracellular cholinesterase-like domains and transmembrane and PDZ-binding motif-containing intracellular domains. While the intracellular domain is important for NLGN binding with postsynaptic scaffold molecules, the extracellular domain confers the formation of excitatory and inhibitory synapses with Nrx, its sole presynaptic binding partner. Therefore, precise combinations of Nrx-Nlgn interactions allow Nlgns to diversify synapse identity.
Nlgn1 and Nlgn2 are postsynaptic adhesion molecules localized to excitatory and inhibitory synapses, respectively. Overexpression, knockdown and knockout approaches have revealed that Nlgn1 is important for excitatory synaptic structure and transmission and synaptic plasticity, but not for inhibitory synaptic function (2) (3) (4) (5) (6) . Nlgn2 has specific functional roles in inhibitory synaptic transmission in the hippocampus (6) (7) (8) . In contrast, it has been reported that Nlgn3 protein localizes at both excitatory and inhibitory synaptic sites and regulates both synaptic functions (7) (8) (9) (10) (11) (12) . This unique ability alludes to a Nlgn3 protein-specific molecular code that promotes its translocation to both excitatory and inhibitory sites.
Splice insertion in Nlgn genes differentially regulates E-I balance and alters their binding affinity with presynaptic Nrx partners. In the extracellular cholinesterase-like domain, Nlgn genes have one or two splice insertion sites, Nlgn1 (A and B sites), Nlgn2 (A) and Nlgn3 (A1 and A2), leading to two to four theoretical splice isoforms. The splice insertion site B in Nlgn1 determines its binding preference to Nrxs (13, 14) and excitatory synaptic function (15) . Similarly, Nlgn2 contains a splice insertion at site A which regulates inhibitory synaptic function (8) . However, to the best of our knowledge, the splice isoform-specific function of Nlgn3 and the transcript levels of Nlgn splice isoforms at the single-cell level have not been addressed.
In the present study, we assess the function of Nlgn3 splice isoforms on excitatory and inhibitory synaptic transmission in CA1 pyramidal neurons in mouse organotypic slice cultures. Our results suggest that Nlgn3 upor down-regulates inhibitory synaptic transmission in a splice isoform-dependent manner. Furthermore, our single-cell RNA sequencing (RNA-seq) analysis reveals that Nlgn1 and Nlgn3 are the major Nlgn genes and the expression of Nlgn splice variants are highly distinct in hippocampal CA1 pyramidal neurons.
Results

Nlgn3 splice isoform-dependent regulation of inhibitory synaptic transmission
The Nlgn3 gene contains two splice insertion sites (A1 and A2) that can yield four Nlgn3 splice isoforms (Nlgn3Δ, A1, A2 and A1A2). Nlgn3Δ lacks all splice insertions, while Nlgn3A1, 3A2 and 3A1A2 receive insertion of A1, A2 or both A1A2 cassette(s), respectively. To examine the potential roles of Nlgn3 splice isoforms on excitatory and inhibitory synapse function, we biolistically transfected the Nlgn3 splice isoforms in CA1 pyramidal cells of organotypic hippocampal slice cultures ( Fig. 1) . Simultaneous electrophysiological recordings were made from transfected and neighboring untransfected neurons. CA1 pyramidal neurons overexpressing Nlgn3Δ or 3A2 showed increased evoked IPSCs compared with neighboring untransfected control neurons and a marked increase in EPSCs, as reported previously ( Fig. 1A and C) (7, 12) . In contrast, overexpression of Nlgn3A1 or 3A1A2 resulted in reduced amplitude of IPSCs and increased amplitude of EPSCs compared with neighboring untransfected cells ( Fig. 1B and D) . Paired stimulation of input fibers with short interval (50 ms) induced pairedpulse facilitation (PPF) and depression (PPD) of EPSCs and IPSCs, respectively. Nlgn3Δ or 3A2 transfection displayed both reduced AMPAR-PPF and GABAAR-PPD compared with untransfected neurons, consistent with previous work (5,7) ( Fig. S1B and C) . As paired-pulse ratio (PPR) inversely correlates with presynaptic release probability, these results suggest that overexpression of Nlgn3Δ and 3A2 can modulate presynaptic release probability. Nlgn3 increased or decreased inhibitory synaptic transmission in a splice isoform-dependent manner, whereas all Nlgn3 splice isoforms enhanced excitatory synaptic transmission.
Subcellular localization of Nlgn3 splice isoforms in the dendritic segment of CA1 pyramidal neurons
Expression of Nlgn3 at excitatory and inhibitory synapses has been observed in primary neurons but in vivo Nlgn3 expression has been studied only in the cerebellum and striatum (11, 16, 17) . To ensure the expression of Nlgn3 in the hippocampus, we performed immunohistochemistry against Nlgn3 with the markers for excitatory and inhibitory synapses, VGluT1 and VIAAT, respectively ( Fig. 2) . Our Nlgn3 antibody, validated by Nlgn3 knockout tissue, detected punctate signals in the hippocampus ( Fig. 2A and B) . The signals overlapped with VGluT1 and VIAAT puncta, indicating that Nlgn3 proteins are targeted to both excitatory and inhibitory synapses, respectively ( Fig. 2C and D) . To understand the mechanistic roles of Nlgn3 splice isoforms in inhibitory synaptic transmission, we next performed immunocytochemistry to elucidate the subcellular localization of Nlgn3Δ and 3A1A2, which displayed strong enhancement and suppression of IPSC, respectively. Excitatory synaptic sites were characterized by spine or VGluT1. Inhibitory synaptic sites were identified by the dendritic shaft proximal to VIAAT puncta. HA immunoreactivity illustrated that Nlgn3A1A2 is highly concentrated in spines. In contrast, Nlgn3Δ showed more diffuse expression in both spines and dendrites (Fig. 3A) . The ratio of Nlgn3A1A2 signals between excitatory and inhibitory synapses was significantly higher than that of 3Δ ( Fig. 3B) . Next, we addressed whether these Nlgn3 splice isoforms differentially promote excitatory and inhibitory synapses. Importantly, inhibitory synapse density was comparable between Nlgn3Δ and 3A1A2, whereas VIAAT signal intensity in 3A1A2-expressing neurons was significantly lower than that of 3Δ ( Fig. 3C and D) . The spine density was comparable between Nlgn3Δ-and 3A1A2-overexpressing neurons (Fig. 3E) . The signal intensities of VGluT1 were markedly elevated in neurons overexpressing Nlgn3Δ or 3A1A2 compared with the surrounding VGluT1 puncta representing excitatory synaptic sites of untransfected neurons ( Fig. 3F and G) . These results suggest that differences in the subcellular localization of Nlgn3Δ and 3A1A2 contribute to their distinct inhibitory synaptic functions.
Endogenous expression of Nlgn genes and splice isoforms in hippocampal CA1 pyramidal neurons
Finally, to understand the expression of endogenous Nlgn genes in CA1 pyramidal neurons, we harvested cytosol from four neurons and performed single-cell deep RNA-seq. The t-SNE plot indicates that the four cell transcripts (G418) were clustered together and close to that of adult hippocampal CA1-3 pyramidal neurons derived from the Allen Brain Atlas (Fig. 4A ). The expression of Nlgn genes was clustered and well correlated with the single-cell RNA-seq data in the RNA-seq datasets provided by the Allen Institute for Brain Science (Fig.   4B ). The quantification of Nlgn genes ( Fig. 4C) indicates that the expression of Nlgn1 and Nlgn3 are comparable but that of Nlgn2 is significantly lower than the other two genes. We also compared the expression of Nlgn splice isoforms in each Nlgn gene. Six Nlgn splice isoforms, Nlgn1A, 1B, 2Δ, 3Δ and 3A1, that were not annotated, were manually modified ( Fig. S2) , and their expression was compared. Nlgn1Δ, 1B and 1AB were the most highly expressed Nlgn1 splice isoforms ( Fig. 4D) . Nlgn2Δ was the only isoform counted in the Nlgn2 gene ( Fig.   4E ). Nlgn1A and 2A transcripts were not detected in any of the four CA1 pyramidal neurons. Importantly, Nlgn3Δ
and 3A2, which exhibited increased inhibitory synaptic transmission, were the dominant Nlgn3 splice isoforms in CA1 pyramidal neurons (Fig. 4F) . The expression of Nlgn3A1 and 3A1A2 were significantly lower than Nlgn3Δ (TPM: Nlgn3A1: 0.004 ± 0.004, 3A1A2: 0.3 ± 0.3).
Discussion
Trans-synaptic protein-protein interactions are fundamental biological events for synapse formation, maturation and function. Nlgns are critical postsynaptic adhesion molecules that regulate excitatory and inhibitory synaptic transmission. Here we demonstrated that Nlgn3 regulates inhibitory synaptic transmission and excitatory and inhibitory synapse localization in a splice isoform-dependent manner. Our single-cell transcriptome analysis revealed that Nlgn3Δ and 3A2 are the highest expressed Nlgn3 splice isoforms in hippocampal CA1 pyramidal neurons.
The distinct subcellular localization of Nlgn3Δ and 3A1A2 suggests intriguing mechanisms regarding how splice isoforms influence synapse specificity. Given that the intracellular and transmembrane domains are identical between Nlgn3 splice isoforms, each isoform exerts their synapse coding effect through their unique extracellular domains. Similarly, the extracellular domain of Nlgn2 mediates changes in inhibitory synaptic function (6) . Although cis-protein interactions with Nlgn3s cannot be excluded (18) , trans-synaptic interactions between Nlgn3Δ, but not 3A1A2, and Nrxs modulate inhibitory synaptic transmission in pyramidal neurons. We previously reported that postsynaptic Nlgn2 can couple with presynaptic αNrx1 but not with βNrx1 to form functional inhibitory synapses (6) , suggesting that the specific binding of Nlgn and Nrx isoforms regulates functional synapse formation. It is possible that inhibitory interneurons do not express Nrx isoforms that can bind to Nlgn3A1A2. Therefore, Nlgn3A1A2 may exclusively localize to excitatory synapses. Further studies should be performed to identify specific Nrx-Nlgn3 isoform interactions which affect inhibitory synaptic function. It has been suggested that the relative levels of Nlgns and their postsynaptic scaffold complex at excitatory and inhibitory synapses determine E-I balance (19) . Additional studies are required, but it is interesting to address the hypothesis that postsynaptic Nlgn3A1 and A1A2 are strong and specific regulators at excitatory synaptic sites and sequester the necessary protein interactions (i.e., Nlgn2-mediated scaffold complex) from inhibitory synapses to reduce inhibitory synaptic transmission.
The single-cell sequencing results demonstrate a comprehensive unbiased gene expression profile of Nlgn splice isoforms in hippocampal CA1 pyramidal neurons obtained from neonatal mice. Our transcriptome findings are highly correlated with the expression pattern of the three Nlgns genes provided by the Allen Brain Atlas single-cell database from adult neurons, indicating that the expression ratio of Nlgns are stable throughout development. Interestingly, Nlgn2 has been well-characterized at inhibitory synapses, yet its transcript levels were significantly lower than Nlgn1 and Nlgn3 ( Fig. 4B and C) . Nlgn2 may have unique post-translational modifications and turnover mechanisms compared with Nlgn1 and Nlgn3. The expression of Nlgn3A1 and 3A1A2 were much lower than Nlgn3Δ and 3A2, suggesting that these two splice isoforms are not the major functional
Nlgn3 molecules under basal conditions. Further work is necessary to address whether modifications to neuronal activity such as synaptic plasticity can alter the expression of Nlgn splice isoforms.
A shift in E-I balance has been considered a pathophysiological hallmark of neurodevelopmental disorders and repeatedly reported in corresponding mouse models (20) . Mutations and deletions of Nlgn3 loci are associated with autism spectrum disorders (21) , and mutant mice that mimic the human autism Nlgn3 mutation exhibit E-I imbalance and abnormal synaptic plasticity (1) . A closer examination of specific Nlgn3 splice isoform functions will elucidate their role in producing critical molecular outcomes that may influence neuropsychiatric disease pathogenesis.
Experimental procedures
Single-cell sequencing and analysis:
Single-Cell RNA Extraction: The cytosol of four CA1 neurons were harvested using the whole cell patch-clamp technique described previously (6) . Briefly, glass electrodes (1. manufacturer's instructions. De-multiplexed sequencing reads were generated using Illumina bcl2fastq (released version 2.18.0.12) allowing no mismatches in the index read. Data Analysis: BBDuk (https://jgi.doe.gov/dataand-tools/bbtools/bb-tools-user-guide/bbduk-guide/) was used to trim/filter low quality sequences using the "qtrim=lr trimq=10 maq=10" option. Next, alignment of the filtered reads to the mouse reference genome were transfected using a biolistic gene gun (Bio-Rad) and were assayed 3 days after transfection as described previously (5, 6, 26, 27 Other experimental procedures are described in the supporting Experimental procedures. perpetuity.
Figure Legends
Supporting Experimental Procedure
Animal and organotypic slice culture preparation: All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Massachusetts Medical School and the Hokkaido University. Nlgn3 KO mouse line was gift from Dr. Tanaka (1) . Organotypic hippocampal slice cultures were prepared from postnatal 6-to 7-dayold C57BL6 mice of both sexes as described previously (2) .
Plasmid constructs:
The expression vector for HA-tagged mouse Nlgn3Δ has been reported previously (3) . Three HAtagged Nlgn3 splice variants, Nlgn3A1, Nlgn3A2 and Nlgn3A1A2, were cloned using a PCR-based method.
Analysis of immunocytochemistry images:
For quantification of HA signals, the peak signal intensity was measured at a pair of excitatory and inhibitory synapses on dendritic segments which were identified as a GFP-labeled spine and its neighboring VIAAT-labeled inhibitory terminal, respectively. E-I balance ratio was calculated by dividing the peak signal intensity at excitatory synapses by that at inhibitory synapses. The background signal was determined as the mean signal intensity in GFP-unlabeled regions, and then subtracted from the raw value for the peak signal intensity. To assess the labeling intensity for VIAAT, the contour of VIAAT+ terminals was determined using binary images for the VIAAT channel.
The mean intensity was measured in VIAAT+ terminals contacting and not contacting to Nlgn3-overexpressing dendrites, and then normalized with the average intensity for VIAAT+ terminals which were not in contact with Nlgn3-overexpressing dendrites on the same image. This measurement was also applied to the labeling intensity for VGluT1. To assess the density of excitatory and inhibitory synapses, the number of spines and VIAAT+ inhibitory synapses were counted on individual dendritic segments, respectively. The mean length of dendritic segments was 19.7 ± 3.8 µm and 21 ± 2.1 µm for CA1 pyramidal cells overexpressing HA-Nlgn3Δ and 3A1A2, respectively.
DATA availability:
The accession number for the RNA-seq and processed data reported in this paper is GEO: GSE143295. 
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